Molecular mechanisms responsible for the initiation of primate spermatogenesis remain poorly characterized. Previously, 48 h stimulation of the testes of three juvenile rhesus monkeys with pulsatile LH and FSH resulted in down-regulation of a cohort of genes recognized to favor spermatogonia stem cell renewal. This change in genetic landscape occurred in concert with amplification of Sertoli cell proliferation and the commitment of undifferentiated spermatogonia to differentiate. In this report, the non-protein coding small RNA transcriptomes of the same testes were characterized using RNA sequencing: 537 mature micro-RNAs (miRNAs), 322 small nucleolar RNAs (snoRNAs) and 49 small nuclear RNAs (snRNAs) were identified. Pathway analysis of the 20 most highly expressed miRNAs suggested that these transcripts contribute to limiting the proliferation of the primate Sertoli cell during juvenile development. Gonadotrophin treatment resulted in differential expression of 35 miRNAs, 12 snoRNAs and four snRNA transcripts. Ten differentially expressed miRNAs were derived from the imprinted delta-like homolog 1-iodothyronine deiodinase 3 (DLK1-DIO3) locus that is linked to stem cell fate decisions. Four gonadotrophin-regulated expressed miRNAs were predicted to trigger a local increase in thyroid hormone activity within the juvenile testis. The latter finding leads us to predict that, in primates, a gonadotrophin-induced selective increase in testicular thyroid hormone activity, together with the established increase in androgen levels, at the onset of puberty is necessary for the normal timing of Sertoli cell maturation, and therefore initiation of spermatogenesis. Further examination of this hypothesis requires that peripubertal changes in thyroid hormone activity of the testis of a representative higher primate be determined empirically.
Introduction
In higher primates, the pituitary-testicular axis of the juvenile prior to the onset of puberty is characterized by low circulating concentrations of gonadotrophin and androgen and relative testicular quiescence (Plant et al., 2005) . At this stage of development, the seminiferous cords in the testis of the rhesus monkey contain only Sertoli cells and undifferentiated Type A spermatogonia (Plant et al., 2005) . The key event underlying the initiation of spermatogenesis at puberty in this species is a gonadotrophin-induced commitment by Type A spermatogonia to differentiate into B spermatogonia (the first generation of differentiating spermatogonia in primates). In a recent study, we prematurely elicited this critical step in spermatogonial differentiation by stimulating the testis of the juvenile monkey with exogenous LH and FSH, administered as i.v. infusions for up to 96 h (Ramaswamy et al., 2017) . At the termination of the infusions, total RNA was extracted from one testis for RNA sequencing (RNA-Seq) using an Illumina platform, while the other testis was fixed for morphometric and immunofluorescence analyses. As predicted, this gonadotrophin stimulation of the juvenile monkey testis resulted in Type A spermatogonia committing to a path of differentiation and Sertoli cells increasing their rate of proliferation as reflected by bromodeoxyuridine incorporation. Interestingly, the gonadotrophin-dependent generation of differentiating B spermatogonia occurred without detectable up-regulation in the expression of mRNAs known to encode proteins that induce spermatogonia differentiation. However, the expression of genes that have been recognized in rodents to promote the maintenance of spermatogonial stem cell properties ('stemness') decreased (Ramaswamy et al., 2017) .
Although the earlier study described above analyzed only mRNA, there is evidence in the mouse that some micro-RNAs (miRNAs) are also involved in the determination of spermatogonial stem cell fate (Niu et al., 2011; Yang et al., 2013) . For this reason, we took the opportunity to utilize the previously isolated testicular RNA to determine the landscape of miRNAs and other small RNAs in the testis of the juvenile monkey, and to examine the effect of gonadotrophin stimulation on the expression of these small RNAs. For this purpose, RNA-Seq with an Ion Torrent platform was used, and miRNAs were mapped to the RheMac2 reference genome because, at the time of our analysis, this reference genome was used by software annotating rhesus monkey miRNAs.
The most highly expressed miRNAs in the vehicle-treated juvenile monkey were cataloged, their functional significance explored, and the miRNAs and other small RNAs that were differentially expressed in the testis after gonadotrophin stimulation for 48 h were identified. The delta-like homolog 1-iodothyronine deiodinase 3 (DLK1-DIO3) and Prader-Willi imprinted regions were found to be major sources of gonadotrophin-regulated miRNAs and small nucleolar RNAs (snoRNAs), C/D box (SNORD) family, respectively. Additionally, we propose the idea that at the time of puberty in the male monkey, and likely in other higher primates, gonadotrophin-regulated miRNAs play a role in triggering an increase in thyroid hormone action in the juvenile testis; a change in local hormonal status that would likely contribute to Sertoli cell maturation and initiation of spermatogonial differentiation.
Materials and Methods

Animals
Testicular RNA from the six juvenile male rhesus monkeys (14-24 months of age; 2.3-3.3 kg body weight) that were employed in our recent study to examine the effects of 48 h of gonadotrophin stimulation on the expression of protein coding genes was used (Ramaswamy et al., 2017) . Three of the monkeys had received a pulsatile infusion of recombinant monkey LH and FSH (1 and 60 ng/kg/pulse, respectively, given as in i.v. bolus once every 3 h for 48 h), and three had been treated with vehicle (sterile Dulbecco's PBS). As previously described, the animals were maintained in accordance with the National Institutes of Health guidelines for the Care and Use of Laboratory Animals and the experiments were approved by the University of Pittsburgh Institutional Animal Care and Use Committee.
RNA-Seq and bioinformatics
Total RNA had been isolated from the entire right testes of each monkey using Trizol reagent (Invitrogen, Carlsbad, CA, USA) and RNeasy columns (Qiagen, Valencia, CA, USA). Prior to library preparation, rRNA was depleted using the GeneRead rRNA Depletion Kit (Qiagen). Library preparation was performed using the Ion Total RNA-Seq kit v2 for Small RNA libraries (Life Technologies, Carlsbad, CA, USA). The RNA was size selected using the double solid phase reversible immobilization selection method to obtain a final library with fragments up to 200 bases. Yield and size distribution were assessed by fluorometric assay and a Bioanalyzer with the Small RNA Kit chip (Agilent Technologies, Santa Clara, CA, USA). RNA-Seq was performed by the Genomics Research Core at the University of Pittsburgh using the Ion Torrent platform. Sequences were trimmed with Cutadapt, and reads <16 bp were discarded. Mapping and alignment of mature miRNAs to the RheMac2 reference genome were performed with miRDeep2 (Friedlander et al., 2012) that employs miRBase (Kozomara and Griffiths-Jones, 2014) to subsequently annotate precursor miRNAs. It should be noted that this reference genome was derived from a female monkey, and therefore, information for miRNAs on the Y chromosome was not available. For other small RNAs, reads were aligned to an alternative rhesus monkey reference genome, RheMac8, using Bowtie v1.1.2 (Langmead et al., 2009) and settings from miRDeep2 mapper. Read counts of small RNAs were generated using HTSeq (Anders et al., 2015) , and annotations were derived from ENSEMBL database v88.
Analysis of expression of mature miRNAs and other small RNAs
Differential gene expression analysis was performed for mature miRNAs and all other small RNAs with edgeR (Robinson et al., 2010) having an initial filter that required any three of the six samples to have counts per million (CPM) >1 to allow a gene to be eligible for inclusion in the transcriptome. Differentially regulated miRNAs were defined as those in which the mean CPM values for the vehicle-and gonadotrophin-treated groups had fold changes of ≥1.5 or ≤0.5 and p-values <0.05. Statistical analysis of differentially expressed miRNAs was performed with an exact test based on a quantile-adjusted conditional maximum likelihood method for experiments with single factor.
Reverse transcription of RNA was performed using the miScript RT kit (Qiagen) according to manufacturer's directions with 100 ng of RNA. Realtime quantitative PCRs (qPCRs) included 1 μl of a 1:20 dilution of reverse transcription reaction, 1 μl each of 10 mM stocks of primers, 6 μl of water and 10 μl of PerfeCTa Sybr Green Super Mix (Quantabio, Beverly, MA, USA). A reverse primer (universal short reverse) complimentary to the 5′ end of the reverse transcription primer was used for all amplification reactions with specific forward primers complimentary to the 5′ region of each miRNA. Primer pairs were independently validated for use in the ΔΔCt method of gene expression analysis (Bookout et al., 2006) through use of a standard curve derived from serial dilutions of the cDNA obtained from the reverse transcription reactions. Primers with an efficiency of 2 ± 0.2 were considered acceptable. snoRNAs, C/D box 27 (SNORD27), which RNASeq analysis found varied <0.1-fold after gonadotrophin stimulation, was used as an endogenous control for normalization. The qPCRs were performed and analyzed as described previously (Wood et al., 2011) . Dissociation curve analysis was performed after amplification. The list of primers used is presented in Supplementary Table S1 .
Identification of potential targets of highly expressed and differentially expressed miRNAs mRNA targets for the 20 most highly expressed miRNAs were identified from the Homo sapiens dataset list of experimentally observed targets using ingenuity pathway analysis (IPA; Qiagen). The functions associated with the target mRNAs were identified from the IPA options: (1) molecular and cellular functions and (2) physiological system development and function, with p-value <0.05 for right-tailed Fisher's exact test after the application of Benjamini-Hochberg (B-H) method of multiple testing correction.
mRNA targets for up-and down-regulated miRNAs were identified using IPA from the list of juvenile monkey testis genes that were previously found to be down-or up-regulated, after gonadotrophin stimulation (Ramaswamy et al., 2017) . Potential mRNA targets were accepted from the following three IPA categories: experimentally observed, highly predicted and moderately predicted. In the few cases when IPA failed to predict the miRNA targets, TargetScan (v7.0) was used to find potential targets using a context++ score (defined at http://www.targetscan.org/vert_70/docs/context_ score_totals.html) (Agarwal et al., 2015) of ≤0.1 as a threshold. The threshold chosen was based on the gene with the highest (worst) context++ score derived from a TargetScan analysis of IPA identified targets. To determine their potential functional significance, the list of target mRNAs was analyzed by IPA to identify over-represented categories of ingenuity canonical pathways with p-values <0.05, as described earlier.
Characterization of the DLK1-DIO3 domain in the rhesus monkey A major cohort of miRNAs was found to be derived from genes within the imprinted DLK1-DIO3 locus of chromosome 7. Because the DLK1-DIO3 locus of the monkey was poorly annotated in RheMac2, an attempt was made to better characterize this genomic region of interest by incorporating information from an alternative rhesus reference genome (RheMac8) and the more fully annotated human reference genome, GRCh28. The location of genes encoding long non-coding RNAs (lncRNAs), as well as differentially methylated regions (DMRs) or CpG enriched regions that were not annotated in the RheMac2 reference genome were inferred by identifying the position of the corresponding gene in RheMac8 or GRCh28. The location of the unannotated gene or sequence was then assigned the corresponding position within RheMac2. The locations of unannotated lncRNA genes were confirmed by using Integrative Genome Viewer software (Robinson et al., 2011) to search for corresponding transcripts in the GEO-NCBI repository (GSE97786) derived from the unfiltered database generated in our earlier study (Ramaswamy et al., 2017) . Lastly, the identities of unannotated genes were confirmed by using a BLAST strategy to compare transcript sequences. A value of <0.05 was considered statistically significant.
Results
The testicular miRNA transcriptome of the juvenile monkey and the impact of gonadotrophin stimulation RNA-Seq analysis identified 537 mature miRNAs in the testes of the vehicle-treated juvenile monkeys (Supplementary Table SII) . Although genes expressing miRNAs were present on all autosomes and the X chromosome, 41% were expressed from three chromosomes; 7, 19 and X (Fig. 1) . Of the mature miRNAs in the miRNA testicular transcriptome, 523 also were expressed in the testes that had been stimulated with LH and FSH for 48 h; an additional 29 mature miRNAs were expressed after gonadotrophin stimulation (Supplementary Table SII) , but only one of these (miR-7182-3p) fulfilled the requirement to be classified as a differentially expressed (see below).
The 20 most highly expressed mature miRNAs in the vehicle-treated testes are shown in Fig. 2A . Three members of the Lethal-7 (let-7) gene family and four members of the miR-10 family were represented in this cohort of transcripts. Gonadotrophin stimulation did not influence the composition of the 20 most highly expressed miRNA genes, and none of the transcripts in this cohort were differentially expressed ( Fig. 2A) .
Target and pathway analysis using IPA software indicated that the 20 most highly expressed miRNAs in the transcriptome could potentially target a combined 527 mRNAs. Further analysis revealed that the potential target mRNAs were associated with 36 molecular and cellular function networks with corrected p-values better than 2.55 × 10 −16
(Supplementary Table SIII ). The 20 networks having the most significant p-values included those related to cell survival, proliferation, development and migration (Fig. 2B ).
Differentially expressed miRNAs induced by gonadotrophin stimulation
Gonadotrophin treatment for 48 h resulted in the differential expression of 35 mature miRNAs, of which 21 were up-regulated and 14 were down-regulated (Table I) . Localization of each differentially expressed miRNA on their chromosome of origin is shown in Fig. 3A . Five of the differentially expressed miRNAs (14%) were derived from the X chromosome. Another 10 differentially expressed miRNAs (28%) were derived from within the imprinted DLK1-DIO3 locus that in the rhesus monkey spans 850 kb of distal chromosome 7 ( Fig. 3B ): eight of these were up-regulated and expressed from the positive strand, with seven localized to two clusters of miRNAs and one (miR-370) between the clusters. One other differentially expressed miRNA gene (miR-544) present within the second miRNA cluster was down-regulated and expressed from the positive strand. An additional miRNA (miR-1247) localized just upstream of the DIO3 at the terminus was down-regulated and expressed from the negative strand (Fig. 3) . RT-qPCR analysis of five differentially expressed miRNAs validated the RNA-Seq results ( Supplementary Fig. S1 ).
Potential targets and pathways regulated by the differentially expressed miRNAs
We previously identified in the vehicle-treated testis 1587 protein encoding mRNAs that were either up-regulated or down-regulated after the 48 h of gonadotrophin stimulation (Ramaswamy et al., 2017) . Of these genes, 408 genes were identified as potential targets for the 35 mature miRNAs that were induced or repressed by the same LH and FSH treatment (Supplementary Table SIV ). The pathways associated with the target mRNAs having the highest significance scores included those required for mitochondrial function, oxidative phosphorylation, endocytosis, and actin cytoskeleton signaling (Table II) . Also, pathways including thyroid hormone, sirtuin and integrin signaling, and epithelial adherens junction formation were identified. Bold font denotes differentially expressed miRNAs that are localized to the delta-like homolog 1-iodothyronine deiodinase 3 (DLK1-DIO3) locus. FC = fold change after gonadotrophin treatment for 48 h. p-Values were generated by edgeR software that uses an exact test based on a quantile-adjusted conditional maximum likelihood method for experiments with single factor. 
Other small RNAs
Analysis of the testes from vehicle-treated juvenile monkeys identified a total of 385 small RNAs (Supplementary Table SV) , the majority of which were snoRNAs (322 transcripts). In addition, there were 49 small nuclear RNA (snRNA) transcripts and 14 small Cajal bodyspecific RNA (scaRNA) transcripts. A further 12, 12, and two snoRNA, snRNA and scaRNA transcripts, respectively, were expressed only after gonadotrophin treatment. Twelve snoRNA and four snRNAs transcripts were differentially expressed in the testis after gonadotrophin stimulation including six SNORDs that were localized to the imprinted Prader-Willi locus on chromosome 7 (Table III) . Five copies of SNORD116 (HBII-85 in humans) that did not meet the criteria for an expressed transcript in the vehicle-treated testes, were up-regulated by 5-to 12-fold after gonadotrophin treatment. Three copies of SNORD115 (HBII-52 in humans) were down-regulated 58-74% after gonadotrophin stimulation.
Characterization of the DLK1-DIO3 domain in the rhesus monkey
Because 28% of the gonadotrophin-regulated miRNAs were expressed from the DLK1-DIO3 locus, we focused on further characterizing this domain of the monkey genome. The lncRNA genes, MEG3 (maternally expressed 3) and MEG8 (maternally expressed 8), that in other mammals flank the first miRNA cluster of this domain, were not annotated in RheMac2. Therefore, these genes were assigned locations in RheMac2 that corresponded to those in the human reference genome (MEG3) and RheMac8 (MEG8) (Fig. 3) p-Values were determined by ingenuity pathway analysis software using a right-tailed Fisher's exact test after application of Benjamini-Hochberg (B-H) method of multiple testing correction.
DLK1-DIO3 domain; the latter comprised a primary, germline intergenic DMR (IG-DMR), and a secondary, somatic MEG3-DMR.
Discussion
Comparison of the testicular miRNAs identified in the present study of the juvenile monkey to those expressed by immature Sertoli cells purified from 6-day-old C57Bl/6 mouse testes (Ortogero et al., 2013) revealed that of the 235 miRNAs found in the mouse Sertoli cells, 169 (72%) of the corresponding miRNAs were expressed in the testis of the vehicle-treated juvenile monkey. Moreover, 10 of the most highly expressed miRNAs in the monkey testis (let-7a, let-7f, let-7g, miR10b, miR-125a-5p, miR-125b-5p, miR-99a, miR-26a, miR-199a-3p, miR-19b) also were in the group of the 20 most expressed miRNAs in 6-day-old mouse Sertoli cells. These findings suggest that the immature Sertoli cells are a major contributor of highly expressed miRNAs in the testis of the juvenile monkey: a view consistent with the juvenile monkey testes comprising 90% Sertoli cells (Simorangkir et al., 2012; Ramaswamy et al., 2017) . Pathway analysis of the 20 most highly expressed miRNAs in the juvenile monkey testis indicated that they regulate cell proliferation, survival and migration: an outcome consistent with the observation that seven of these transcripts are members of the miR-10 and let-7 miRNA families that are recognized to inhibit cell proliferation (Huang et al., 2009; Jung et al., 2010; Jiajie et al., 2017) . Although the functions of miRNAs specifically in immature Sertoli cells have not yet been characterized, it seems reasonable to propose that the highly expressed miRNAs identified in the present study contribute to maintaining the slow rate of proliferation of these cells in the monkey testis during juvenile development (Ramaswamy et al., 2017) . If this is indeed the case, then other cues must have been responsible for triggering the concomitant increase in mitotic activity of this somatic cell that we have previously reported (Ramaswamy et al., 2017) because expression of the most abundant miRNAs was not altered after 48 h of gonadotrophin treatment. It is also possible that members of the let-7 family of miRNAs regulate the fate of undifferentiated spermatogonia in the rhesus monkey, as at least eight members of this family of miRNAs have been detected in undifferentiated Type A spermatogonia from mice and let-7 miRNAs are known to promote the differentiation of mouse spermatogonia stem cells by inhibiting expression of LIN28 (Rybak et al., 2008) .
Gonadotrophin stimulation of the juvenile monkey testis resulted in the identification of 35 miRNAs that met the criteria for differential expression, of which 15 were derived from two chromosomes, 7 and X. Chromosome 7 of the monkey contains the DLK1-DIO3 locus, which houses the largest miRNA mega-cluster known in mammals (Seitz et al., 2004; Qian et al., 2016) . The miRNAs encoded by the DLK1-DIO3 locus were previously found to be associated with the pluripotency of induced pluripotent stem (iPS) cells and with regulation of self-renewal and differentiation of embryonic stem cells (Moradi et al., 2017) . Furthermore, increased expression of the miRNAs within the cluster has been proposed as a marker to distinguish fully pluripotent iPS cells or embryonic stem cells from partially pluripotent cells (Liu et al., 2010) .
As in other species, most of the genes encoding miRNAs in the DLK1-DIO3 region in the monkey are separated into two distinct clusters; the first one between MEG3 and Retrotransposon Gag Like 1 (RTL1) (cluster 1 in Fig. 3 ) encodes eight precursor miRNAs of which three produced differentially expressed mature miRNAs after gonadotrophin treatment, and the second more extensive cluster produces 37 precursor miRNAs (six mature miRNAs were differentially expressed) located between MEG8 and DIO3 (cluster 2 in Fig. 3 ). All the differentially expressed miRNAs in the DLK1-DIO3 locus were upregulated with the exception of miR-544 in the second miRNA cluster and miR-1247 that is present just upstream of DIO3 at the terminus of the locus. The miRNAs derived from the DLK1-DIO3 locus of the monkey testis appear to be preferentially responsive to gonadotrophin stimulation during juvenile development because whereas 14% (74 of 537) of the mature miRNAs in the testicular transcriptome were expressed from this region, the same locus accounted for a noticeably higher proportion of differentially expressed transcripts (29%, 10 of 35). One of the differentially expressed miRNAs from the monkey DLK1-DIO3 locus (miR-1185-3p) is not present in the miRBase database of mouse miRNAs, and of the remaining nine differentially regulated mature miRNAs from the locus, only miR-431 was detected (at the lowest of levels) in Sertoli cells purified from 6-day-old C57Bl/6 mouse testes (Ortogero et al., 2013) . The lack of association of the differentially expressed miRNAs from the DLK1-DIO3 locus in the monkey with those known to be expressed in mouse Sertoli cells raises the possibility that these transcripts may be expressed in undifferentiated spermatogonia in higher primates.
DIO3, the gene that marks the terminus of the locus, encodes a type 3-iodothyronine deiodinase that degrades thyroid hormone into inactive metabolites (St Germain and Galton, 1997) . A second gene involved in regulating tissue levels of thyroid hormone activity (DIO2) is also located on chromosome 7 but outside of the DLK1-DIO3 locus. DIO2 generates the active form of thyroid hormone (triiodothyronine) from the circulating precursor (thyroxine). Interestingly, DIO2 is predicted to be a target of three miRNAs (miR-450-3p, miR-544 and miR190a-3p) that were down-regulated by gonadotrophin treatment, and one of these miRNAs (miR-544) is derived from the DLK1-DIO3 locus. DIO3, on the other hand, is a target of miR-484 that was induced by gonadotrophin treatment. The foregoing gonadotrophindependent changes in miRNA levels would be predicted to decrease DIO3 expression and induce that of DIO2; a prediction that is strongly supported by our earlier RNA-Seq data showing a 70% decrease and 2.7-fold increase, respectively, in the expression of these two genes (Supplementary Table SVa in Ramaswamy et al., 2017) . If these changes in expression are directly related to protein levels of the thyroid hormone metabolizing enzymes, then it can be hypothesized that stimulation of the juvenile monkey testis with exogenous gonadotrophin results in a local increase in thyroid hormone activity. There is precedence for this hypothesis as it is generally recognized that expression of DIO2 and DIO3 is locally regulated to control thyroid hormone activity in other developing organs (Dentice et al., 2013) . Additionally, re-examination of our earlier mRNA sequence data for the same testes and for those stimulated for 96 h (Ramaswamy et al., 2017) revealed that several thyroid hormone target genes were differentially expressed after gonadotrophin treatment (Supplemental Table SVI ). Most notably, insulin-like growth factor 1 (IGF1) was upregulated~3-fold, whereas thyroid hormone receptor beta (THRB) was down-regulated by >50%. Furthermore, it follows that such a posited increase in thyroid hormone activity would take place spontaneously following the pubertal rise in pituitary LH and FSH secretion that in the monkey occurs at~3 years of age (Plant et al., 2015) , i.e. when animals are 12 months or more older than those employed in the present study. An analogous situation was reported for the mouse in which the enzymatic activity of DIO3 in the testis was greatly elevated during the first 15 days of postnatal life (promoting lower thyroid hormone activity) before declining to low and stable levels in the adult (Martinez et al., 2016) . Although thyroid hormone levels were not measured in the present study, changes in circulating thyroxine concentrations at around the time pubertal acceleration in testicular growth is initiated in the monkey were reported to be unremarkable (Mann et al., 2002) , further suggesting that the posited changes in thyroid hormone activity are likely limited to the testis.
The duration of the posited low thyroid hormone activity in the testis of the pre-pubertal mouse and monkey is tightly coupled to the time course of Sertoli cell proliferation in the two species. In the rodent, Sertoli cell proliferation is elevated during the first 2 weeks of life and terminated~21 days of age (Orth, 1982) ; whereas, in the monkey, proliferation continues throughout the juvenile period, a phase of development spanning~3 years (Simorangkir et al., 2012) . In both species, the arrest of Sertoli cell proliferation coincides with maturation of this cell. A causal link between thyroid status and Sertoli cell maturation is suggested by the finding that, in rats, transient neonatal hyperthyroidism or hypothyroidism accelerate and retard, respectively, the differentiation of Sertoli cells (Van Haaster et al., 1992; 1993; Bunick et al., 1994; Rijntjes et al., 2009) . Also, in pubertal boys, hypothyroidism has been reported in association with macro-orchidism likely caused by increased Sertoli cell number (Castro-Magana et al., 1988; Weber et al., 1988; Sun et al., 2012) .
A major signal underlying maturation of the Sertoli cell and initiation of spermatogenesis at puberty is the increase in intra-testicular testosterone content produced by the rise in gonadotrophin secretion at this stage of development. Whereas thyroid hormone is essential for the normal timing of Sertoli cell maturation (Wagner et al., 2008) , the action of this hormone within the testis has been considered to be permissive and not to be linked to gonadotrophin action. This view may now need to be modified in light of the argument above that thyroid hormone activity of the testis, like that of androgen status, also may be actively regulated at the time of puberty. In the case of the primate, it now seems reasonable to posit that increased thyroid hormone activity in the testis at the end of juvenile development and the ensuing pubertal initiation of Sertoli cell maturation is driven, at least in part, by gonadotrophin-dependent changes in the expression of testicular miRNAs that regulate DIO2 and DIO3 to favor increased thyroid hormone activity. Whether the gonadotrophin-dependent changes in androgenicity and thyroid hormone activity within the testis at the onset of puberty occur in parallel or in series remain to be explored.
The X chromosome of the monkey was found to encode 97 precursor miRNAs from which five mature miRNAs, including miR-221-3p, were differentially expressed after gonadotrophin treatment. Although mir-221 and mir-222 are transcribed from the same promoter, only miR-221-3p was found to be up-regulated. Previously, expression of these two miRNAs was shown to be restricted to undifferentiated spermatogonia in the mouse and to maintain these cells in an undifferentiated state by inhibiting the translation of c-KIT, a promoter of spermatogonia differentiation (Yang et al., 2013) . The function of miR-221-3p in the present primate model, however, is unclear because we have previously shown that 48 h of gonadotrophin stimulation resulted in undifferentiated A spermatogonia committing to a path of differentiation.
Two other induced miRNAs derived from the X chromosome are potential facilitators of cell differentiation in the testis. miR-223 inhibited growth and promoted apoptosis via mechanistic target of rapamycin (mTOR) in hepatocellular carcinoma cell culture models (Dong et al., 2017) . Interestingly, the mTOR complex is required for the proliferation and differentiation of undifferentiated spermatogonia in mice (Serra et al., 2017) . miR-503 inhibited cell proliferation and promoted monocyte and cardiomyocyte differentiation (Forrest et al., 2010; Shen et al., 2016) , but no direct link to the differentiation of testis cells has been established yet. The gonadotrophininduced changes in expression of the final two differentially expressed X-linked miRNAs are predicted to inhibit cell proliferation. The upregulated miR-188-5p suppressed the G1/S transition and cell proliferation by inhibiting multiple cyclin/cyclin-dependent kinase complexes and the Rb/E2F pathway . miR-450b-3p, which was down-regulated, was shown to decrease the proliferation of lung cancer cells by targeting interferon regulatory factor 2 (Liu et al., 2016) .
Of the differentially expressed miRNAs that were encoded on chromosomes other than X, down-regulated miR-190b and up-regulated miR-671-5p were previously found to be expressed predominately in mouse spermatogonial stem cells (Tan et al., 2014) raising the possibility that these miRNAs in the monkey testis are associated with regulating the behavior of undifferentiated Type A spermatogonia following gonadotrophin stimulation.
Finally, miR-494, which was induced by gonadotrophin in the present study, has been associated with tumor aggressiveness and metastasis of colorectal cancer and the promotion of cell migration and invasion by inhibiting the expression of phosphatase and tensin homolog deleted on chromosome 10 (PTEN) (Sun et al., 2014) . Because the loss of PTEN activity promotes the production of differentiating spermatogonia in mice (Zhou et al., 2015) , it is possible that upregulation of miR-494 by gonadotrophin stimulation may decrease PTEN levels and facilitate the initial differentiation of Type A spermatogonia. Other miRNAs regulated by gonadotrophin stimulation of the juvenile monkey testis have been implicated as tumor suppressors, including down-regulated miR-1247-5p as well as up-regulated miR-485-3p and miR-370-5p (Kim et al., 2014; Zhou et al., 2016; Wu et al., 2017) . Together, these data provide new potential mechanisms by which gonadotrophin-mediated changes in miRNA expression could regulate the proliferation and differentiation of Ad and Ap spermatogonia (or somatic testicular cells) during the initiation of spermatogenesis at the time of puberty in higher primates.
Although nearly 400 small RNAs (predominantly snoRNAs) were identified in the testis of the vehicle-treated monkeys, only 16 (12 snoRNA and four snRNA) transcripts were differentially expressed after gonadotrophin stimulation. All of the differentially expressed snoRNAs were members of the C/D box class called SNORDs that contain the conserved sequence motifs known as the C box (UGAUGA) and the D box (CUGA) (Dupuis-Sandoval et al., 2015) , and six belonged to a cluster of gene repeats located in an imprinted region on chromosome 7 that is associated with Prader-Willi syndrome. SNORDs were first recognized as regulators of rRNAs, but recent studies have demonstrated that they also regulate pre-mRNA alternative splicing, mRNA abundance and enzyme activity and may be processed into shorter non-coding RNAs resembling miRNAs and piwi-interacting RNAs (Falaleeva et al., 2017) .
Gonadotrophin stimulation of the juvenile monkey testis resulted in an 84% decrease in the level of SNORD33, that is considered to inhibit the propagation of oxidative stress (Michel et al., 2011) . In concordance with the dramatic gonadotrophin-induced repression of this transcript, several mRNAs associated with the oxidative stress response and detoxification were previously shown to be up-regulated in the same testes (Ramaswamy et al., 2017) . Because oxidative stress and reactive oxygen species (ROS) promote the differentiation of spermatogonial stem cells (Morimoto et al., 2013 (Morimoto et al., , 2015 , the observed decrease in SNORD33 expression may be a gonadotrophin-induced adaptive response that would maintain ROS at levels favoring the differentiation of undifferentiated Type A spermatogonia.
Five copies of SNORD116, an orphan SNORD with no predictable rRNA targets, were markedly up-regulated by gonadotrophin stimulation. Although SNORD116 can regulate over 200 transcripts (Falaleeva et al., 2015) including the genes encoding chloride voltage-gated channel Kb and semaphorin3B that we previously reported to be downregulated by at least 50% after gonadotrophin stimulation of the juvenile monkey testis (Ramaswamy et al., 2017) , the functional significance of this relationship in the present context is not understood because the induced transcripts accounted for <10% of all SNORD116 expression from 29 copies of the gene.
SNORD115 is known to regulate the expression of 10 mRNAs and amplify the actions of SNORD116 (Falaleeva et al., 2015) . SNORD115 also was the first SNORD shown to regulate alternative splicing, including splice site selection of serotonin receptor 2 C (Kishore and Stamm, 2006) as well as the dolichyl-phosphate mannosyltransferase subunit 2, regulatory, TATA-box binding protein associated factor 1, Ral GEF with PH domain and SH3 binding motif 1, polybromo 1, and corticotropin releasing hormone receptor 1 mRNAs (Kishore et al., 2010) . However, the testicular functions remain unknown for the three down-regulated copies of SNORD115 and the poorly characterized SNORD49 and SNORD103, whose levels were reduced by >99 and 65%, respectively, after gonadotrophin treatment.
In summary, using testicular RNA obtained from the vehicle-and gonadotrophin-treated (48 h) juvenile rhesus monkeys previously reported (Ramaswamy et al., 2017) , we now provide the first description of the miRNA and other small RNA testicular transcriptomes of the juvenile monkey. We also identity 51 transcripts from these two classes of RNA that are up-or down-regulated in response to a mode of gonadotrophin stimulation previously established to trigger the commitment by undifferentiated Type A spermatogonia to proceed down the path of differentiation (Ramaswamy et al., 2017) . A large portion of the gonadotrophin-induced, differentially expressed miRNAs were derived from the DLK1-DIO3 locus that is known to regulate selfrenewal and differentiation, suggesting that the miRNAs from this region may target pioneer factors contributing to the fate of Type A undifferentiated spermatogonia. The finding that gonadotrophin-induced changes in the expression of four miRNA transcripts predicted to target DIO2 and DIO3 to favor increased thyroid hormone activity in the testis, together with the recognition that expression of several thyroid hormone target genes were changed concomitantly, lead us to posit that the primate testis is held in a state of low thyroid hormone activity prior to puberty. We further hypothesize that this posited low thyroid activity of the primate testis during juvenile development is necessary to maintain the proliferation of Sertoli cells throughout the pre-pubertal years.
With the onset of puberty, an increase in gonadotrophin secretion is argued to result in an increase in thyroid hormone activity in the testis that, together with an increase in intra-testicular androgen content, leads to differentiation of the Sertoli cell and the initiation of spermatogenesis that begins with the differentiation of Type A spermatogonia.
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